We evaluated the color vision of mercury-contaminated patients and investigated possible retinal origins of losses using electroretinography. Participants were retired workers from a fluorescent lamp industry diagnosed with mercury contamination (n ϭ 43) and age-matched controls~n ϭ 21). Color discrimination was assessed with the Cambridge Colour Test (CCT). Retinal function was evaluated by using the ISCEV protocol for full-field electroretinography (full-field ERG), as well as by means of multifocal electroretinography (mfERG). Color-vision losses assessed by the CCT consisted of higher color-discrimination thresholds along the protan, deutan, and tritan axes and significantly larger discrimination ellipses in mercury-exposed patients compared to controls. Full-field ERG amplitudes from patients were smaller than those of the controls for the scotopic response b-wave, maximum response, sum of oscillatory potentials (OPs), 30-Hz flicker response, and light-adapted cone response. OP amplitudes measured in patients were smaller than those of controls for O2 and O3. Multifocal ERGs recorded from ten randomly selected patients showed smaller N1-P1 amplitudes and longer latencies throughout the 25-deg central field. Full-field ERGs showed that scotopic, photopic, peripheral, and midperipheral retinal functions were affected, and the mfERGs indicated that central retinal function was also significantly depressed. To our knowledge, this is the first demonstration of retinal involvement in visual losses caused by mercury toxicity.
Introduction
Mercury is a potent neurotoxin. Its solubility in water and lipids facilitates its penetration into the organism. In addition, its vapor is odorless and colorless providing the possibility of undetected contamination. Mercury may be found in different forms. Metallic mercury is used in chemical industrial applications, by manufacturers of products such as fluorescent lamps, batteries, and thermometers and also by health professionals such as dentists in the preparation of dental amalgam (Plunkett, 1976; Manahan, 1992) . Methylmercury results from nonenzymatic mercury methylation or through microbial action on elemental mercury waste that reaches natural areas from industries or other human sources. There are several examples of large environmental disasters resulting in human exposure to methylmercury, such as that of Minamata Bay in Japan (Tsubaki & Takahashi, 1986) .
Mercury-intoxicated patients show a variety of neurological symptoms, which include somatic sensory loss, visual and hearing losses, neuromuscular alterations, tremor, headache, sleep alterations, memory loss, depression, mood alterations, fatigue, and cognitive losses (Hunter & Russell, 1954; Plunkett, 1976; Tsubaki & Takahashi, 1986; Zavariz, 1992; Warfvinge & Bruun, 1996; Damin, 2000; Silveira et al., 2003) .
The visual system is one of the most important targets of contamination by mercury compounds. Peripheral visual-field constriction has been detected in severe methylmercury intoxication (Iwata & Abe, 1986; Korogi et al., 1997) . There are also descriptions of reduction of sensitivity to spatial and temporal luminancecontrast (Berlin et al., 1975; Merigan, 1980; Mukuno et al., 1981; Rice & Gilbert, 1982; Lebel et al., 1996 Lebel et al., , 1998 Damin, 2000; Silveira et al., 2003) and color-vision impairments such as impaired hue discrimination, higher color-discrimination threshold, and reduction of chromatic contrast sensitivity (Cavalleri et al., 1995; Cavalleri & Gobba, 1998; Damin, 2000; Silveira et al., 2003) .
Involvement of the cerebral cortex in mercury poisoning is evident from the fact that many high level processing functions are affected by mercury contamination (review in Meyer- Baron et al., 2002) . However, the mechanism of visual impairment in mercury intoxication is unclear. There are evidences of visual cortex damage in patients exposed to methylmercury, obtained with axial tomography (Matsumoto et al., 1988) and with magnetic resonance imaging (MRI) (White et al., 1993; Korogi et al., 1994 Korogi et al., , 1997 , but the extent of involvement of other visual centers, including the retina, is not certain (Merigan, 1980; Rothenberg et al., 2002) .
In the present study, the full-field electroretinogram (full-field ERG) and the multifocal electroretinogram (mfERG) were used to evaluate the retinal function of patients exposed to toxic mercury levels, who had demonstrable losses of color vision. The full-field ERG was used to describe the retinal response to diffuse stimuli, keeping in mind that visual-field constriction is a reported finding in mercury-intoxicated patients. Since extramacular rods and cones dominate the full-field ERG, it should reflect the state of peripheral and midperipheral retinal function. It is recommended for an objective assessment of retinal function under the effect of medications that are suspected of affecting the retina (Birch, 1989) .
The mfERG is a recent method for noninvasive evaluation of retinal function in localized regions of the retina (Sutter & Tran, 1992) . The mfERG was used to investigate the electrophysiological responses of the central retina, because the patients had performed abnormally in tests that evaluate their color discrimination and spatial contrast sensitivity in the central 10 deg of the visual field. The patient's color vision was evaluated using the Cambridge Colour Test (CCT). In recent studies, the CCT has been shown to be more sensitive than other color-vision tests for the detection of color-discrimination impairment in the early stages of some neurodegenerative pathologies and of retinal intoxication (Ventura et al., 2003a,b,c) .
Materials and methods

Subjects
The subjects were former workers of fluorescent-lamp manufacturing plants in the city of São Paulo~n ϭ 43, mean age ϭ 42.2 6 7.5 years; 23 males) referred by the Department of Legal Medicine of the Medical School (University of São Paulo). Their average exposure time to mercury vapor was 9.8 6 3.6 years and the average number of years away from exposure was 5.3 6 3.2 years. Before being tested the patients underwent a complete ophthalmologic examination. Inclusion criteria were normal fundus and Snellen VA 20025 or better in each eye. Controls for the CCT (n ϭ 21) were age-matched healthy individuals (mean age ϭ 42.1 6 7.2 years) with no known ophthalmologic or neuro-ophthalmologic diseases, and Snellen VA 20025 or better. All 43 patients were submitted to the CCT; full-field ERGs were recorded in 34 of the patients (mean age ϭ 40.7 6 8.3 years, 19 males; average exposure time 9.8 6 4.7 years; time away from exposure 5.8 6 3.8 years), and mfERGs were performed in ten randomly selected patients (mean age ϭ 38.1 6 5.6 years, 6 males; average exposure time 8.1 6 3.7 years; time away from exposure 6.0 6 3.8 years). The age-matched control group for the full-field ERG had 13 subjects (mean age ϭ 35.7 6 4.7 years, 9 males) and that for the mfERG had 15 subjects (mean age ϭ 35.0 6 5.4 years, 6 males). Informed consent was obtained from all patients. The procedures complied with the tenets of the Declaration of Helsinki and were approved by the Ethics Committees of the Institute of Psychology and University Hospital of the University of São Paulo.
Psychophysical evaluation of color vision
The patients and the controls were submitted to the Cambridge Colour Test in its commercial version, CCT v2.0, run on a microcomputer (Dell Systems) with the VSG 5 graphics card (Cambridge Research Instruments, Rochester, UK), and a Sony FD Trinitron color monitor. Color vision was assessed monocularly in both eyes. Color vision in controls was assessed binocularly since there was no difference in the results obtained monocularly and binocularly for the CCT Trivector thresholds nor for Ellipse areas in a previous study (Ventura et al., 2003c) . In a further study with 30 subjects aged 18-30 years old (Costa et al., in preparation), we compared CCT Trivector thresholds and Ellipse areas for several conditions: monocular versus binocular, dominant versus nondominant eye, and the effect of testing order. No statistical difference in the Repeated Measure Kruskal-Wallis ANOVA on ranks test was found for any of the comparisons.
The visual stimuli consisted of a target-the letter "C"-on a background of different chromaticity (for details, see Mollon & Reffin, 1989 ; see also Ventura et al., 2003c) . As in the Ishihara test, both the target and the background were made up of small disks of variable size and luminance. The background chromaticity was fixed while the color of the target was varied in order to determine a discrimination threshold (see below). The opening of the "C" was presented in four orientations (up, down, left, or right) . Subjects indicated the position of the opening by pressing the correspondingly situated key on a button box.
The CCT has two different protocols: the Trivector test and the Ellipse test, each described in detail in an accompanying manual (Mollon & Reffin, 2000) and in previous publications (Mollon & Reffin, 1989; Regan et al., 1994 Regan et al., , 1998 . The Trivector test was used for rapid screening. Color-discrimination thresholds relative to a background chromaticity (0.1977, 0.4689 in u ' v ' 1976 CIE color space) were determined along three vectors in the color space: the protan, deutan, and tritan axes.
The Ellipses test estimated color-discrimination thresholds along eight equally spaced vectors in the 1976 CIE color space. The best-fitting ellipses to the thresholds represent discriminable distances for a number of directions from a given background chromaticity in the chromaticity space (Smith & Pokorny, 2003) . Tests with the CCT were performed in a darkened room, with the examiner's computer monitor screen off or dimmed. The subject was positioned 3 m away from the stimulus monitor. The short test version, the Trivector, was performed first, for screening purposes. Eight-vector ellipses were determined. The results were 422 D.F. Ventura et al. expressed in u ' v ' coordinates in 1976 CIE color space. The CCT uses a dual random staircase method for threshold determination.
Full-field electroretinogram (ERG)
ERGs were recorded from both eyes of the patients in a completely darkened room. Their pupils were dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride, and the eye was dark adapted for 30 min before recording. ERGs were recorded using a bipolar contact lens electrode with gold filament (Goldlens, Doran Instruments, Litton, MA). The contact lens was filled with 2% methylcellulose solution to improve electrical contact and to protect the corneal surface. The cornea was anesthetized with tetracaine hydrochloride eye drops. ERG responses were amplified by an AC preamplifier (Grass Instruments, mod. CP511 (West Warwick, RI); amplification ϭ 10 4 ; bandpass .3 Hz-3 kHz). Data were stored in a PC microcomputer after being digitized by a National Instruments card.
The stimuli were light flashes from a photostimulator (Grass Instruments, mod. PS33-plus) presented on a Ganzfeld (LKC Technologies, Gaithersburg, MD; mod. 2503) at 0.009 cd0m 2 for the scotopic rod response and at 2.795 cd0m 2 for the maximal scotopic response and for the cone responses. The patient's head was stabilized by means of forehead and chin rests. Using the ISCEV protocol we measured (1) rod response; (2) maximal response in the dark-adapted eye; (3) oscillatory potentials; (4) responses to a 30-Hz flickering stimulus; and (5) light-adapted cone response.
The rod response was based on the average response to 20 white flashes presented at 2-s intervals, with a 2.5-log neutral density attenuation of the maximum flash intensity. As with all recordings, artifacts were automatically rejected. The maximal dark-adapted response was obtained at the maximum flash intensity, 3 cd0m 2 , by repeating the same procedure used for the rod response, except that the interstimulus interval was increased to 10 s. This stimulation results in combined rod and cone responses in the normal ERG. Oscillatory potentials (OPs) can be seen at the leading edge of the maximal response. They were recorded by repeating the procedure used for the maximal response, with the amplifier filters set for a bandpass from 100 Hz at the low end to 1000 Hz at the high end. The flicker response was measured by averaging at least 50 responses to a high-intensity white light presented at 30 Hz. The single-flash photopic response was measured after a 10-min light adaptation; it was obtained by averaging 20 responses to a 34 cd0m 2 background light, presented at 10-s intervals. The ERG parameters measured were the peak-to-peak amplitude difference between the negative a-wave and the positive b-wave in microvolts, and the implicit times, which are the times in milliseconds (ms) from the stimulus presentation to the peaks of the a-and b-waves.
Multifocal ERGs
Ten randomly selected patients were submitted to multifocal ERG recordings at the Department of Ophthalmology of the Paulista School of Medicine (Federal University of São Paulo), in a Visual Evoked Response Imaging System (VERIS TM 4.9) (Sutter & Tran, 1992) . Multifocal ERGs were recorded from one randomly selected eye after full pupil dilation and 10 min of light adaptation. A refraction and fundus camera was used to monitor fixation and to correct refractive errors. Ocular responses were acquired with a bipolar contact lens (Goldlens, Doran Instruments) and amplification equipment equivalent to that described for full-field ERGs (low-frequency cutoff at 10 Hz and high-frequency cutoff at 300 Hz). The visual stimulus for the mfERGs consisted of 103 black-and-white hexagons (0.45 and 280 cd0m 2 , respectively), alternating according to a binary m-sequence. Patterns were scaled in size with eccentricity (VERIS Hexagon 103) and displayed on a high-resolution black-and-white CRT monitor, driven at a frame rate of 75 Hz. The surround luminance was 100 cd0m 2 . Each m-sequence lasted approximately 7 min and was broken into 16 segments lasting 28 s each. The mfERGs were extracted from the ERG record and digitized by an analog0digital (A0D) interface at a sampling rate of 1200 Hz. The 4VERIS algorithm was used to extract local retinal responses.
Results
Color-vision tests
All patients performed the psychophysical tests successfully and the results are show in Table 1 . Initially, color-discrimination thresholds were obtained along the protan, deutan, and tritan axes (Trivector test) (Fig. 1) . These thresholds, expressed in u ' v ' units, were higher for both eyes of the mercury-contaminated patients than for controls. They were statistically different from those of the controls for the protan axis (Kruskal-Wallis, P Ͻ 0.0001; Dunn PostHoc Multicomparison Test), whereas for the deutan and tritan axes thresholds for the control and best eyes did not differ, but both were different statistically from the worst-eye results~P Ͻ 0.0001 and P ϭ 0.024, respectively).
The next step consisted of measuring the MacAdam colordiscrimination ellipses. Ellipse areas measured in u ' v ' units were larger in the mercury-contaminated patients for Ellipses 1 and 3, compared to controls~P Ͻ 0.0001). For Ellipse 2, the control and best-eye results did not differ statistically, but both differed from the worst-eye results~P Ͻ 0.007) (Fig. 2) .
Full-field ERGs
Fig . 3 shows the b-wave amplitudes and latencies corresponding to the five conditions of the ISCEV protocol. It also contains the control values (average 6 1 standard deviation) obtained in our laboratory. The waveform corresponding to each condition of the ISCEV protocol is presented next to the plot of the amplitudes. The ERG amplitudes obtained from the mercury-contaminated patients differed from those of controls for the rod response, maximum response, sum of OPs, 30-Hz flicker, and light-adapted cone response. The a-wave was not statistically different in patients and controls for any parameter or condition of the protocol. Statistical differences were found for the b-wave of the scotopic rod response (Fig. 3A) , in which patients had smaller amplitudes in the worst eye when compared to controls (Kruskal-Wallis, P Ͻ 0.001; Dunn PostHoc Multicomparison Test). The dark-adapted maximal responses (Fig. 3B ) in the patients' worst eyes were statistically different from those of the controls, showing lower amplitudes~P ϭ 0.002) and shorter implicit times~P ϭ 0.014) (Kruskal-Wallis; Dunn PostHoc Multicomparison Test). There were also statistical differences for the sum of the OP peak amplitudes (Fig. 3C ), which were smaller for both the best and worst eyes of the mercury-contaminated patients relative to the controls~P ϭ 0.026), with no differences in the OP 1 latencies. The reductions in amplitude in the 30-Hz flicker (Fig. 3D ) and in the light-adapted cone (Fig. 3E ) responses were statistically significant~P ϭ 0.030 and P ϭ 0.018, respectively-Kruskal-Wallis; Dunn PostHoc Multicomparison Test) in comparison with controls. In both conditions, it was only the worst eye of the patients that differed from the controls.
Since the sum of the oscillatory potentials was small for both eyes of the patients, we focused our attention on trying to determine which oscillatory potentials differed between the two groups, since this information is indicative of the possible sites or cell types with mercury lesions in the inner retina. Our data show that the amplitudes of the patients' second and third oscillatory potentials (OP 2 and O 3 ) were statistically smaller than those of the controls (for OP 2 , P ϭ 0.004; for OP 3 , P ϭ 0.002). No statistical difference was found for OP 1~P ϭ 0.09) and OP 4~P ϭ 0.06).
Multifocal ERGs
The mfERG recordings were analyzed by measuring the N1 and P1 amplitudes and implicit times for local ERG responses, in six equally spaced concentric rings around a central disk, respectively, at 0, 5, 10, 15, 20, and 25 deg. The results are shown in Fig. 4 in which each dot in the figure is an individual patient. The bars correspond to the upper and lower normative limits measured in 15 healthy subjects. To compare the patient and control amplitudes, we used a log transform of the amplitudes with the reasoning that normal amplitudes are smaller in the periphery, so changes might go unnoticed in an arithmetic scale. The log amplitude of the mfERGs was smaller for the patients than for the controls, for both the negative and positive wave components, N1~P Ͻ 0.050) and P1~P Ͻ 0.005) at all eccentricities tested. Faster implicit times in the patients' N1 component~P ϭ 0.028) and delayed implicit times of the P1 component~P ϭ 0.010) were statistically significant when compared with those of the controls at 0-deg eccentricity. No difference was found for the other eccentricities. Fig. 5 shows a three-dimensional plot of the mfERG results, in which the amplitudes are coded in a color scale. The plot at the top is from a control subject and those in the middle and bottom are from two patients. The middle plot illustrates a case of very localized damage (Fig. 5 middle) , restricted to the central retinal area and confirmed in the log transform of the data. The bottom plot shows a more widespread damage (Fig. 5 bottom) , covering the entire 25 deg around the fovea.
In Fig. 6 , waveforms of the mfERG responses of Fig. 5 are presented in a more detailed way. The averaged responses for the six eccentricities show a great amplitude reduction in the more affected patient. The N1 component is flattened in the last three eccentricities and there is an almost complete loss of the N2 component in both mercury-intoxicated patients. The naso-temporal comparison shows smaller and more similar waveforms for the more affected as compared to control and less affected patient.
Discussion
In this study, we gave special attention to the examination of retinal and visual function of a group of retired workers from a fluorescent lamp industry. These workers had been previously diagnosed and studied by Zavariz (1992) and Faria (2003) , who described their working conditions and general pathological symptoms. To our knowledge, we present the first account of retinal electrophysiology in mercury-intoxicated patients. Results from the full-field ERGs showing changes in all conditions of the ISCEV protocol suggest that both outer and inner retina processes are involved in the visual losses of these patients. Both the rod and the cone pathways must be involved since the changes occurred in the scotopic and photopic conditions. Physiological and morphological retinal changes due to mercury toxicity have been demonstrated in animal models, but the mechanism of visual impairment is still unclear. Exposure to elemental mercury vapor produced mercury deposits in the retina of both adult and newborn monkeys through in uterus contamination (Warfvinge & Bruun, 1996 . The behaviorally measured spectral-sensitivity function decreased in fish contaminated with methylmercury (Hawryshyn et al., 1982) . In cats, after subacute treatment with mercury acetate, a shortened implicit time and an increased amplitude of the scotopic b-wave in the full-field ERG were observed, when compared to controls-effects that were attributed to a permanent increase in retinal excitability (Gitter et al., 1988) .
Earlier studies performed at the cellular level showed that methylmercury affects rods but not cones (Fox & Sillman, 1979) ; more recently, an effect in cones has been shown (Goto et al., 2001) . It was also demonstrated that rat retinal cells have different vulnerabilities to methylmercury, cones being more sensitive than rods, bipolar cells, and Müller cells (Goto et al., 2001 ). Intracellular recordings from rods showed that the effect of mercuric chloride was an early increase followed by depression of the rod response (Tessier-Lavigne et al., 1985) .
We evaluated patients who had been chronically exposed to mercury vapor and found decreased scotopic b-wave amplitudes with no change in latency. Our results are in line with previous report of decrease in sensitivity or in response amplitude has also been observed in association with mercury intoxication. In behavioral experiments with fish exposed to methyl mercury, there was a reduction of the scotopic spectral-sensitivity function, but not of the photopic function (Hawryshyn et al., 1982) . Tessier-Lavigne et al. (1985) showed reduced intracellular rod responses in the presence of mercury and proposed that these changes should explain ERG findings of reduced b-wave amplitude, which should be due to rod degeneration by mercury intoxication. This decrease in the response amplitude occurred after an initial period of increased excitability. With lead contamination, in humans and in adults and postnatally lead-exposed developing rats, Fox et al. (1997) observed a decrease in the sensitivity of the rod a-wave and b-wave and of the maximum response amplitude, and no effect on the cones. These changes were connected with rod and bipolar cell apoptosis and they were accompanied by decreases in retinal cGMP phosphodiesterase activity, which resulted in increased cGMP levels. Since the scotopic ERG changes found with mercury contamination here are in the same direction, it is possible that the same mechanisms are involved. We also find a reduction in the photopic ERG response. This finding agrees with the psychophysical color-vision losses reported here and in other studies (Cavalleri, 1995; Cavalleri & Gobba, 1998; Damin, 2000; Silveira et al., 2003) and with spatial and temporal luminance contrast-sensitivity losses (Berlin et al., 1975; Merigan, 1980; Mukuno et al., 1981; Okamura et al., 1982; Rice & Gilbert, 1982; Lebel et al., 1996 Lebel et al., , 1998 Damin, 2000; Silveira et al., 2003) .
The finding of both inner and outer retinal function impairment in the ERG of this group of patients, who had been chronically exposed to mercury vapor and examined after a long interval without exposure, shows that there is extensive and permanent retinal damage produced by mercury vapor.
Additional information about the site of the mercury lesion may be revealed by analysis of the OPs. Even though the exact cellular mechanisms underlying the OPs are still not clear, bipolar, amacrine, and interplexiform cells have been regarded as the probable generators of the OPs (Wachtmeister, 1998) . The earlier OPs are thought to be generated in neurons related to rod activity and the later OPs are supposed to reflect activity of the cone pathways in the retina (Wachtmeister, 1998) . A more refined analysis of the present data, in which we measured the peak amplitude and latency of each OP showed that only the early OPs (O 2 and O 3 ) are impaired. According to pharmacological studies (Wachtmeister, 1998) , alterations in O 2 and O 3 could indicate a deficit in the transduction process of the bipolar cells related to the rods. This result is in line with the reduction we observed in the rod scotopic response, suggesting that the rod cell pathway is impaired by chronic mercury-vapor intoxication.
The results from the mfERG constitute further evidence of possible damage to the cone pathway in mercury contamination, since the smaller response amplitudes, shown by our data from the central area reflect losses in cone-mediated responses. The finding of a reduced P1 with delayed implicit times has been assigned to outer- segment damage and0or to bipolar cell loss, and the delay found, of about 3-4 ms, is compatible with reports of bipolar cell loss; the finding of a reduced N1 with no change in latency has been linked to loss of off bipolar cells (Hood, 2000; Hood et al., 2002) . In the mercury-contaminated patients N2 virtually disappears-a finding that is also reported in the cone-mediated responses of patients with X-linked retinoschisis measured by the mfERG (Piao et al., 2003) . The results are also suggestive of naso-temporal asymmetry loss found in the most affected patients, an aspect attributed to inner retinal function reflecting the firing of action potentials (Hood, 2000) , but loss of the "shelf" on the trailing edge of P1, also an inner retina contribution (Hood, 2002) , was not evident even in the most affected patients.
The present results confirm and extend findings that showed loss of color vision in patients with elemental mercury contamination (Cavalleri, 1995; Cavalleri & Gobba, 1998) . However, Cavalleri and Gobba (1998) found reversible color-vision losses in workers that were no longer exposed to mercury vapor. In our data, color-vision and other losses were still present in the patients after several years. This difference might be related to the intensity of the intoxication-it is possible that the workers examined here had reached a level of intoxication that was so high that it was not followed by complete recovery.
In conclusion, the electrophysiological results of our patients were in agreement with the findings in animal studies. We found impairment of function in the periphery and the midperiphery, shown by full-field ERG responses, and in the central retina by the mfERG. The electrophysiological results suggest involvement of the inner and outer retinae and of both cone and rod systems. The type of color-vision impairment found in the CCT, which shows a diffuse color-discrimination loss, reflects the functional deficit of this wide, unselective retinal intoxication.
